Abstract-Gasification of biomass and coal is an attractive technology for combined heat and power production, as well as for synthesis processes such as the production of liquid and gaseous biofuels. The allothermal steam blown gasification process yields a high calorific product gas, practically free of nitrogen. Originally, the system was designed for biogeneous fuels and residues but it can also handle a large number of other fuels such as several types of coal. To demonstrate the influence on the system performance of hard coal as an example of a solid fossil fuel a fuel blend of wood pellets and hard coal was fed into the DFB gasifier. The fuel blend ratio was 20 % coal in terms of energy. The DFB pilot plant was operated at a fuel power of 78 kW and a steam to fuel ratio of 1.0 kg/kg db during the investigations. The system was operated at gasification temperatures between 830 and 870 °C. This paper points out the influence of the temperature on the system in terms of product performance, syngas quality as well as process efficiency.
I. INTRODUCTION
Gasification of biomass is, especially since the last decades, a major topic in the area of the energetic utilization of biomass. One big issue in the gasification of biomass is that the feedstock is often only available locally at a certain period of the year in large amounts. Co-gasification of biomass, as the designated feedstock, with a cheap fossil fuel could help to overcome this problem as fuel flexibility is the key feature for an economic breakthrough. It also offers the opportunity to build larger plants with higher feedstock flexibility as the combination with coal overcomes the drawback of the relatively low specific energy content of biomass-derived fuels. Conventionally, autothermal gasification processes always require an oxidizing gasification agent, like air. This results in the drawback of a syngas with a low heating value as it is diluted with nitrogen. Especially for further synthesis processes [1] (e.g. Fischer-Tropsch synthesis, synthetic natural gas production, methanol synthesis) this dilution is a big drawback. Dual fluidized bed gasification solves this problem as the combustion zone, which provides the energy for gasification, is separated from the gasification zone and pure steam is used as a gasification agent. This gasification technology [2] has been developed at Vienna University of Technology and is successfully demonstrated in Güssing and Oberwart, Austria, on the 8 and 10 MW th scale, respectively, since 2001 and 2008 [3, 4] . Further plants in Villach, Austria [2] , Gothenburg, Sweden [2] and Senden, Germany are currently under construction and will gain a fuel power of 15 MW (Villach, Senden) and 32 MW (Gothenburg). A previous investigation about co-gasification of coal and wood in the 100 kW dual fluidized bed gasification pilot plant at VUT with coal ratios from 0 to 100 % showed that the gasification system can also be operated with coal at different ratios at pilot scale [5, 10] . The next step was the test at industrial scale. During an experimental campaign, the combined heat and power (CHP) gasification plant in Güssing was operated with coal ratios of up to 22 % in terms of energy. These tests were successful as they showed that the dual fluidized bed design could also handle coal as a fuel at commercial operation [6] . The addition of 20 % of coal (in terms of energy) can be beneficial for the process and its performance as by the lower reaction activity of the coal, the residence time of the coal/coke mixture in the system is longer and therefore accumulates to a higher level than when only using biomass as a fuel. This reduces for example pressure and producer gas fluctuations in the gasifier and effects changes in the product gas composition. Abu El-Rub et al. [7] summarized that char has also a quite important potential to act as a catalyst for tar reduction in the gasification process. The main gasification reactions are shown in Table I . 
Oxidation (ii) C + 0.5 O 2 ↔ CO -123,1 [8] These reactions are considered as equilibrium reactions with variable equilibrium depending on gas concentrations, temperature and pressure, however, in a real gasifier a complete state of equilibrium will not be reached. In the gasifier these reactions can take place at the same time and location and some reactions can be forced by operating parameters and by the utilization of catalytic bed material. In this paper there will be a focus on the possibility of process optimization by changed gasification temperatures. A series of tests with gasification temperatures between 830 and 870 °C will be discussed with a focus on gas quality and process efficiency. The test series was accomplished with a fuel blend ratio of wood pellets with 20% of coal in terms of energy.
II. EXPERIMENTAL

A. Experimental Setup
For the experiments on the pilot scale, at Vienna Universgity of Technology, a dual fluidized bed gasification reactor is in operation. The basic principle of the dual fluidized bed gasification process is shown in Fig. 1 and a schematic drawing of the pilot rig is shown in Fig. 2 . This system separates gasification and combustion as two fluidized bed reactors connected together by loop seals are used. The fuel, usually biomass, enters the gasification reactor, a bubbling bed fluidized with steam, where drying, pyrolysis and heterogeneous char gasification take place at temperatures of up to 900 °C. The remaining residual char leaves the gasification reactor at the bottom together with the bed material, which circulates between the two reactors, through the lower loop seal to the combustion reactor. This reactor is implemented as a fast fluidized bed that is fluidized with air to maintain combustion of the residual char and additional fuel, if required. By burning char and additional fuel in the combustion reactor, the bed material is heated up, and after particle separation from the flue gas at the exit of the combustion reactor, it flows back to the gasifier via the upper loop seal. Both the lower and upper loop seals are fluidized with steam to ensure a high throughput of bed material and to avoid any leakage of gas between the reactors. In practical operations, the gasification temperature is normally controlled by the addition of fuel (e.g. recycled producer gas, sawdust, etc.) into the combustion reactor. In the case of the 100 kW pilot plant, light heating oil is used as an additional fuel as it is easy to handle for processes on pilot scale. The pressure in both gasification and combustion reactors is close to atmospheric conditions. The main basic geometry data of the dual fluidized bed reactor system is summarized in Table  II . The process yields two separate gas streams at high temperatures: a high quality producer gas and a conventional flue gas. The producer gas for biomass gasification is generally characterized by a relatively low content of condensable higher hydrocarbons (2-10 g/Nm³ of so called tars, heavier than toluene), low N 2 (< 1 vol% db ), and a high H 2 content of 35-40 vol% db . A more detailed description of the dual fluidized bed gasifier used at VUT can be found in [2, 5] .
B. Analytics
The permanent gases in the syngas, CH 4 , H 2 , CO, CO 2 , and O 2 , were measured online by a Rosemount NGA2000 and N 2 , C 2 H 4 , C 2 H 6 , and C 3 H 8 by an online gas chromatograph. Tar, NH 3 and H 2 S were sampled isokinetically using absorption bottles with toluene, diluted sulfuric acid or aqueous potassium hydroxide solution. In the flue gas of the combustion reactor (riser) CO 2 , CO and O 2 were detected online again by a Rosemount NGA2000. Details of the measurement methods can be found in [10] .
C. Balance of the pilot plant
The complexity of the gasification processes is high and
done using computer-aided methods. For this purpose, the balance tool IPSEpro was used. IPSEpro is a stationary, equation-oriented flow sheet simulation tool that has been developed for power systems [11] . It has been used at the Institute of Chemical Engineering for biomass-based energy systems for many years and therefore the models of the process are constantly being improved and advanced. Detailed information on IPSEpro, its mode of operation and its utilization for biomass-based energy systems is summarized by Pröll et al. [12] .
III. RESULTS AND DISCUSSION
For the processing of biomass in a power plant, wood chips are mostly the designated fuel, but for the pilot plant, the pieces have to be smaller, and the quality of the fuel has to be held constant for the entire test campaign. Therefore, instead of wood chips, wood pellets are normally used for the tests. Furthermore, it was found during previous tests that wood pellets behave similar to wood chips in the dual fluidized bed gasifier [2] . The coal used in these tests was Polish hard coal. Polish coal was chosen as it is widely used in Austria for coal-fired power plants. The proximate and ultimate analyses of these two fuels are listed in Table III. The bed material used in the reactor was calcined olivine. It was chosen as it shows a catalytic activity for tar reduction and is perceived as a natural catalyst [13, 14] . For each test in the pilot plant a new batch of olivine with an initial mass of 100 kg was used. Three tests at gasification temperatures of 830 °C, 860 °C and 870 °C were carried out. The key data of the accomplished test runs are summarized in Table IV . Fig.  3 shows the main syngas components and Fig. 4 displays the higher hydrocarbons as well as the lower heating value. Hydrogen increased from 42.5 to 45.7 vol.% db and carbon monoxide increased from 24.8 to 26.3 vol.% db in the syngas, whereas carbon dioxide and methane decreased as an effect of higher gasification temperatures. Also, the higher hydrocarbons ethylene (C 2 H 4 ) and ethane (C 2 H 6 ) decreased, though the most rigorous decrease was ascribed to ethylene. Only propane (C 3 H 8 ) did not show any significant change and remains approximately constant. The specific gas yields are given in Table V . The net effect of these changes of the syngas composition was a slight decrease of the lower heating value of the gas, as the major contribution to the LHV was provided by methane and the higher hydrocarbons and their relatively high heating value. In Table 5 there can be seen that in general a higher gasification temperature increases the overall gas yield, which results in a higher energy consumption for gasification. This fact will be strengthened later on (Fig. 9 ). Tar was also sampled during the tests as the content of condensable hydrocarbons is always a point of interest because it gives information on the necessary efforts of gas cleaning for any downstream utilization. For a gasification temperature of 830 °C about 3.4 g/Nm³ of gravimetrically detectable tars and 9.0 g/Nm³ of GC/MS-detectable tars were measured. For 870 °C these values dropped to 2.2 g/Nm³ and 6.4 g/Nm³ for gravimetrically-and GC/MS-detectable tars, respectively. These trends are summarized in Fig. 5 . According to Milne et al. [15] , the GC/MS detectable tar components can be divided into primary, secondary and tertiary tar components. In Fig. 6 there can be seen that the primary tar fraction, which mainly is consisting of phenols, disappeared above temperatures of 850 °C and also secondary tar components dropped at higher temperatures. Only the tertiary tar formation was forced by an increase in the gasifiers operating temperature. The dominant component of tertiary tars is naphthalene. A summary of the specific tar yields is given in Table VI. Also important for the design of the gas cleaning system are the amounts of entrained dust and char in the syngas. Both pollutants show a decreasing tendency with increasing temperature (Fig.7) . The effect of a decreasing entrained char can be ascribed to the increased reactivity of the char particles with steam in the gasifier at higher temperatures. Carbon conversion and water conversion rates are in general an indicator for the efficiency in the gasification section. The carbon conversion puts the amount of carbon in the syngas in relation to the amount fed into the gasifier bound in the solid fuel. The water conversion rate is the amount of water that is consumed for the gasification reactions per kg of dry and ash free solid fuel. Both values including the water content of the syngas are printed in Fig. 8 . The results show that the gasification reactions are improved by higher temperatures as less water was left and more carbon was converted into gaseous products. The plot in Fig. 9 shows that the amount of produced syngas in total and per fuel input increased with higher gasification temperatures. This leads to the assumption that the chemical efficiency in the gasifier (cold gas efficiency) also increased, as shown in Fig. 10 . This figure also displays the consumption of additional fuel in the combustion reactor. The amount of additional fuel also increased as a result of several facts. The higher gasification temperatures forced the endothermic gasification reactions, causing more heat losses of the system, and by the improved gasification process there was less char left for the combustion reactor. The process efficiency, also shown in Fig. 10 , includes the additional fuel power. Therefore, the net effect on the process efficiency is not that rigorous, it just slightly dropped. As mentioned before in Fig. 7 , there is an amount of entrained char of about 20 to 30 g/Nm³ present in the syngas which is not negligible in the matter of energy. As Fig.11 displays, the lost energy by the char in the syngas was between 5.8 and 8.2 kW for the accomplished tests. If this entrained fine char dust, which is usually separated in a syngas filter from the gas, would be recycled to the process as part of the additional fuel for the combustion reactor, the process efficiency could be improved up to 63 %. This way of energy integration is state of the art at the industrial dual fluidized bed gasification plants [4] . Furthermore, heat losses in case of the pilot plant are around 20 % of the fuel power, whereas in case of industrial plants heat losses are nearly negligible.
IV. CONCLUSION
The accomplished tests to determine the influence of the process performance on gasification temperature showed two main results for the operation of co-gasification of coal and wood. On the one hand a higher gasification temperature causes a reduction of condensable components in the syngas, like tar, which is an undesired component for further gas utilization except for direct firing in a boiler and also an increase in chemical efficiency of the gasifier. On the other hand the tests on the pilot plant showed that the process efficiency drops with an increase in the gasification temperature. This is caused by the losses of sensible heat in flue gas and syngas, but the major heat losses are in case of the pilot plant the heat losses caused by radiation and convection directly of the plant. The heat loss of the pilot plant is usually around 20 % at a gasification temperature of 850 °C, whereas for large scale industrial plants heat losses are negligible.
Summarizing, the dual fluidized bed gasification process is a reliable technology for thermo-chemical conversion of carbonaceous feedstock to a high quality product gas. Process parameters have to be chosen depending on the utilization route as well as on the fuel characteristics. Generally, increased operation temperature improves the gas quality but reduces the overall process efficiency.
